Introduction
Catechins, contained in some types of foods and plants (especially in green tea), are a subspecies of polyphenols and have been demonstrated in vitro to have a wide range of pharmacological properties such as antioxidative (1, 2) , antibacterial (3), antimutagenic (4), antiresorptive (5) and antitumor effects (6EE28). Among these effects, the most extensively studied one has been the antitumor effect in which several characteristic phenomena of apoptosis were observed: cell cycle arrest (6EE11), injury of DNA (8EE21) and activation of caspases (17EE23). The cytotoxicity of catechins has been recognized to be relatively specific to tumor cells as compared with normal cells (8, 10, 14, 23) . Phases I and II clinical trials and in vivo study were performed with green tea extract as an anticancer drug, and catechins have been demonstrated to be beneficial substances with little side effects (29EE31).
The in vitro antitumor mechanism of (À)-epigallocatechin gallate (EGCG), a major catechin in green tea, has been suggested to be modulation of the expression of key molecules in cell cycle progression (cyclin kinase inhibitor, cyclin, cyclindependent kinase and p27 Kip1 ) (6, 7, 10, 11) and in transcription (inhibitor of nuclear factor-kB) (7), activation of mitogenactivated protein (MAP) kinase cascade (especially apoptosisregulating kinase-1, MAP kinase kinase, c-Jun N-terminal kinase and p38 MAP kinase) (21, 22) , inhibition of telomerase (16) and interaction with Fas (19) . However, comprehensive mechanisms to explain the diverse effects of EGCG in causing apoptotic cell death remain to be explored.
In the previous study, we found that o-phenanthroline, a Fe(II)-chelating reagent, and catalase, a H 2 O 2 -scavenging enzyme, suppressed EGCG-induced apoptotic cell death in cultured osteoclastic cells and demonstrated in a cell-free system that reduction of Fe(III) by EGCG triggered a Fenton reaction to form a highly reactive hydroxyl radical from H 2 (Complete  TM ) , 0.25 M ammonium iron(II) sulfate solution and acetyl-Asp-Glu-Val-Asp-a-(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA) were obtained from Roche (Mannheim, Germany), Kanto Chemical (Tokyo, Japan) and Peptide Institute (Osaka, Japan), respectively.
Cell culture
HeLa, HL-60, Jurkat and U937 cell lines were maintained in medium A [RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated fetal calf serum (Valley Biomedical, Winchester, VA), 100 U/ml penicillin and 100 mg/ml streptomycin] at 37 C under 5% CO 2 and 95% air. Normal human dermal fibroblast (NHDF) was maintained in DMEM supplemented with 10% (v/v) heat-inactivated fetal calf serum, 100 U/ml penicillin and 100 U/ml streptomycin at 37 C under 5% CO 2 and 95% air. HeLa cells and NHDF were transferred to 96-well culture plates (Corning, Corning, NY) at 1 Â 10 5 cells/ well or 6-well culture plates (Corning, Corning, NY) at 4 Â 10 5 cells/well 12 h prior to use in experiments. All the cells were cultured in medium A (not containing sodium pyruvate) in experimental use.
MTT assay HL-60, Jurkat and U937 cells (4 Â 10 5 cells/well) placed on 6-well culture plates and HeLa cells and NHDF pre-cultured for 12 h on 96-well culture plates were treated with catechins (EC, 50 mM; ECG, 50 mM; EGC, 50 mM; EGCG, 0EE50 mM) (dissolved in methanol, the final concentrations of which in culture medium were 50.5%) or H 2 O 2 (50 mM) for 6 h in medium A. After incubation, HL-60, Jurkat and U937 cells were washed with fresh medium A and placed on 96-well culture plates at 1 Â 10 5 cells/well in 100 ml of medium A containing 50 mg of MTT reagent. HeLa cells and NHDF were also incubated with 100 ml of medium A containing 50 mg of MTT reagent after washing with fresh medium A. After incubation for 2 h, 100 ml of 10% (w/v) SDS in phosphate-buffered saline without Ca 2 and Mg 2 [PBS(À)] was added to solubilize MTT-formazan. After overnight incubation, absorbance at 595 nm was measured. MTT reagent-reducing activity of the cells (MTTreducing activity) was expressed as percentage of control or percent inhibition by catechins. Data are expressed as the mean AE SD of triplicate cultures in one of two to three experiments. For statistical analysis of the results, groups were compared with Student's t-test.
Assay for caspase-3 activity Jurkat cells (1 Â 10 6 cells/well of 6-well culture plates) were treated with EGCG (0EE50 mM) for 6 h in medium A. After incubation, cells were collected by centrifugation and washed with ice-cold PBS(À). The cells were lysed in lysis buffer [100 mM TrisEEHCl (pH 7.5), 1 mM DTT, 1% (v/v) Triton X-100 and protease inhibitor cocktail (Complete TM )], and then passed 10 times through a 27G needle. After centrifugation at 3000 r.p.m. for 10 min, the supernatant [50 mg protein, determined using Bio-Rad Protein Assay kit (Bio-Rad) with bovine serum albumin as a standard] was incubated with 20 mM Ac-DEVD-MCA at 37 C for 1 h. Fluorescence of the liberated aminomethylcoumarin was determined by excitation at 365 nm and emission at 450 nm using a MTP-32 microplate reader (Corona Electric).
Assay for Fe(III)-reduction
To assess Fe(III)-reducing activity of catechins, catechins (1 mM) were added to 1 ml of working solution (1.2 mg/ml o-phenanthroline and 1 mM FeCl 3 ), and the mixture was incubated at room temperature for 20 s. After the incubation, absorbance of Fe(II)EEo-phenanthroline complex at 510 nm was immediately measured. Fe(III)-reducing activity of catechins was assessed from the amount of Fe(II)EEo-phenanthroline complex in solutions and expressed as relative to EGCG, of which activity is taken as 100%. Data are expressed as the mean AE SD of triplicate determinations in one of two to three experiments. Measurement of the concentration of H 2 O 2 in serum-containing medium A in the presence or absence of Jurkat cells Catechins (50 mM) were added to 6-well culture plates filled with 2 ml of medium A containing Jurkat cells (1 Â 10 6 cells/well) or no cells, and the plates were placed at 37 C under 5% CO 2 . After 15, 30, 60, 120, 240 and 360 min, part of the medium was collected to measure the concentration of H 2 O 2 by the ferrous ion oxidationEExylenol orange method with slight modification (32, 33 Measurement of the concentration of H 2 O 2 in various solutions EGCG (50 mM) was added to 6-well culture plates containing serum-free medium A or 100 mM phosphate buffer (pH 5.8, 6.8 and 7.8). Where indicated, 100 U/ml catalase or 500 U/ml SOD was included in the solution. Serum-free medium A and phosphate buffers were incubated at 37 C under 5% CO 2 and at 37 C under air, respectively. After incubation for 1 h, measurement of H 2 O 2 concentration was carried out by the ferrous ion oxidationEExylenol orange method as described above. Absorption spectrum EGCG (50 mM) was added to 100 mM phosphate buffer at pH 5.8, 6.8 or 7.8. After incubation for 1 h at 25 C, the solutions were subjected to measurement of absorption spectrum on a model 320 spectrophotometer (Hitachi Instruments Service, Tokyo, Japan) at a wavelength range of 200EE400 nm.
Results

Hydrogen peroxide-and Fe(II)-dependent cytotoxicity of EGCG in Jurkat cells
To investigate antitumor mechanism of EGCG, human T-cell acute lymphoblastic leukemia Jurkat cells, widely used in the study of apoptosis, were used in the present study. The cytotoxic effect of EGCG in Jurkat cells was examined by MTT assay ( Figure 1A ). MTT-reducing activity of Jurkat cells was dose-dependently decreased in the culture with 12.5EE50 mM EGCG for 6 h. The decrease was accompanied by an increase of caspase-3 activity in the cells ( Figure 1B) . In both experiments, vehicle (methanol) alone did not affect both activities at 0.5% (v/v) ( Figure 1A and B) . These results indicate that EGCG cause apoptotic cell death in Jurkat cells and that the MTT-reducing activity of Jurkat cells represents the viability of the cells. As shown in Figure 1C and D, catalase (100 U/ml) completely suppressed the cytotoxic inhibitory effect of EGCG. o-Phenanthroline, a Fe(II)-specific chelator, also restored the Jurkat cell viability, whereas its effect was partial (75% restoration, Figure 1C (Figure 2A ) with different activities to reduce Fe(III) were tested for cytotoxicity. Among the three analogs, only EGC decreased the viability of Jurkat cells at 50 mM, and the others showed no effect at 50 mM ( Figure 2B ). EGC showed a three times lower Fe(III)-reducing activity than the non-cytotoxic analog ECG, which is comparable with EGCG in the activity to reduce Fe(III) ( Figure 2B and C Figure 2B and D). Similar but higher H 2 O 2 accumulations were observed when 50 mM catechins were added to cell-and serum-free medium A, followed by incubation for 1 h at 37 C (EC, 2.9 AE 0.8 mM; ECG, 7.9 AE 1.6 mM; EGC, 43 AE 2.0 mM; EGCG, 52 AE 2.2 mM). These results indicate that cytotoxic catechins produce H 2 O 2 . Since the activity of catechins to generate H 2 O 2 was related to their cytotoxicity ( Figure 2B and D), cytotoxicity of exogenously added H 2 O 2 was examined. As shown in Figure 3A , exogenous H 2 O 2 decreased viability of Jurkat cells at H 2 O 2 concentrations comparable with those generated in Jurkat cell culture in the presence of EGCG (3.125EE50 mM). The cytotoxic effect of H 2 O 2 was suppressed by 100 U/ml catalase and 50 mM o-phenanthroline ( Figure 3B ). Once again, the effect of o-phenanthroline was partial, and this result suggests that there are Fe(II)-dependent Figure  4B , all cell lines tested had an evident but distinct capability to eliminate H 2 O 2 . The half-life of the added H 2 O 2 , as determined from the pseudo-first-order decay curve, was~10 min in HeLa and NHDF,~14 min in U937 and 18EE20 min in Jurkat and HL-60 cell cultures. As expected, HL-60 cells, as well as Jurkat cells, were sensitive to both EGCG and H 2 O 2 ( Figure 4C ). On the other hand, HeLa, NHDF and U937 cells, which have a higher ability to eliminate H 2 O 2 , were resistant to EGCG and H 2 O 2 at concentrations up to 50 mM.
Mechanism of EGCG-mediated generation of H 2 O 2
As mentioned above, catechins promote H 2 O 2 generation in Jurkat cell culture. We next examined dose dependency of EGCG and the effect of catalase on H 2 O 2 generation. As shown in Figure 5A , the generation of H 2 O 2 gradually increased as the concentration of EGCG elevated (12.5EE50 mM). The increase in H 2 O 2 levels was completely inhibited by 100 U/ml catalase. The generation of H 2 O 2 was also observed in the absence of Jurkat cells and serum ( Figure 5B ). These results indicate that the EGCG-mediated H 2 O 2 generation is a cell-and serum-independent process. On the other hand, EGCG failed to generate H 2 O 2 in pure water, ethanol or methanol (data not shown). So we explored the essential constituents of the medium for EGCG-induced H 2 O 2 generation. As shown in Figure 6A , EGCG-mediated H 2 O 2 generation was detected in 100 mM sodium phosphate buffer at pH 7.8, but H 2 O 2 generation was very small at pH 6.8 and not detected at pH 5.8. This result suggests that EGCG-mediated H 2 O 2 generation is dependent on pH levels. The absorption spectrum of EGCG in 100 mM sodium phosphate buffer at pH 5.8 was distinct from that at pH 7.8: the absorption at 300EE370 nm increased with elevation of the pH levels ( Figure 6B ). This indicates a pH-dependent change in aromatic resonance structure in the EGCG molecule. The pKa 1 value for EGCG is reported to be at 7.59EE7.75 (37, 38) , and the change in absorption spectrum may represent the deprotonation of phenolic hydroxyl group(s).
As Figure 6C ). SOD also inhibited EGCG-mediated H 2 O 2 generation in Jurkat cell culture and suppressed cytotoxicity of EGCG to Jurkat cells in a dose-dependent manner (20EE500 U/ml) ( Figure 7AEEC ), while bovine serum albumin, tested as a control, did not exert such activities at the same concentration (2 mg protein/ml) as those of SOD (data not shown). On the other hand, the cytotoxic effect of H 2 O 2 was not suppressed by SOD (Figure 7D ), excluding the possibility that O 2 À plays a role after H 2 O 2 is formed. These results suggest that O 2 À participates in the process of H 2 O 2 generation by EGCG.
Discussion
In the present study, we investigated the antitumor mechanism of EGCG by using human T-cell acute lymphoblastic leukemia Jurkat cells. EGCG was found to reduce viability of the cells 
Fe(II)-dependent apoptosis in Jurkat cells by EGCG
and activate cellular caspase-3. These results were consistent with the previous findings that the antitumor effect of EGCG resulted from apoptosis (17EE23). Yang et al. reported that catalase suppressed the antitumor effect of EGCG (12, 24) , indicating a major role of H 2 O 2 in the cytotoxic effect of EGCG. The present study demonstrated that the Fe(II)-specific chelator o-phenanthroline, as well as catalase, suppressed the cytotoxic effect of EGCG in Jurkat cells. Although the suppression by catalase was complete, the effect of o-phenanthroline was partial (~75% restoration of viability). In addition, o-phenanthroline partially blocked the H 2 O 2 cytotoxicity itself (~60% restoration of viability). These results suggest that cytotoxicity of EGCG is due to its ability to generate H 2 O 2 and that resulting H 2 O 2 exerts cytotoxicity through two distinct mechanisms, Fe(II)-dependent and -independent ones. In Jurkat cells, the Fe(II)-dependent mechanism may play a major role because o-phenanthroline restores~75% of EGCG cytotoxicity. Our results also suggest that EGCG itself is not directly involved in Jurkat cell death, but a substance formed in the presence of H 2 O 2 and Fe(II) may act as a direct effector in the cytotoxic effect. One possible candidate is hydroxyl radical, a highly reactive oxygen species that can be formed from H 2 O 2 in the presence of Fe(II) through a Fenton reaction.
Our previous findings have suggested that EGCG acted mainly in reducing Fe(III) to Fe(II), which in turn promoted radical formation via Fenton chemistry, leading to apoptotic cell death in osteoclastic cells (5 Although detailed mechanism of EGCG to generate H 2 O 2 in cell culture medium has not been investigated fully, the observation that EGCG caused H 2 O 2 generation even in sodium phosphate buffer indicates that most of the medium components, including amino acids, vitamins and inorganic salts, were not essential to EGCG-mediated H 2 O 2 generation. Rather, pH levels may be an important factor, as EGCG-mediated H 2 O 2 generation prefers alkaline pH and is not observed at pH 5.8. The experiments using some EGCG analogs indicated that a pyrogallol moiety in the catechin molecule played an essential role in H 2 O 2 generation and cytotoxic effects. As the pKa 1 value of EGCG is reported to be at 7.59EE7.75 (37, 38) , the process for deprotonation in the pyrogallol moiety and/or deprotonated form of EGCG may play a crucial role in H 2 O 2 generation. It was reported previously that varying amount of H 2 O 2 was generated when EGCG was added to several cell culture media (33) . Our preliminary experiments suggested that pyruvate, which is included in some types of medium, suppressed EGCG-mediated H 2 O 2 generation. À may provide us with important information to understand the entire mechanism.
In conclusion, a novel antitumor mechanism of EGCG was proposed here, and this mechanism may be a potential candidate that explains the diverse effects of EGCG.
